This work aims to clarify the influence of aging temperature and time on the microstructure and mechanical properties of the TiNb alloy for biomedical applications. The ingot of Ti27Nb2Ta3Zr alloy was subjected to the arc melting, hot-forging and heat treatment respectively. Microstructure characterization was investigated by optical microscope (OM), X-ray diffraction (XRD), scanning electron microscope (SEM) and transmission electron microscope (TEM). The tensile tests showed an upward trend of the volume fraction of ½ phase and ¡ phase with the increase of aging time. When the aging temperature was higher than 673 K, the amount of ellipsoid-shaped ½ phase precipitation decreased and needle-like ¡ phase appeared, which contributed to higher tensile strength, lower Young's modulus and better plasticity.
Introduction
Owing to the unique properties such as low Young's modulus, high strength, high cold workability and shape memory effect, ¢ titanium alloys are very important in the application of biomedical fields. 1, 2) Especially, alloys containing the elements of Nb, Zr and Ta have been studied as biomedical materials for many years. 37) As for most ¢ titanium alloys, the ¡AA martensite phase with lower elastic modulus and high plasticity formed after the solution treatment. However, the existence of ¡AA phase played a detrimental role in the hardness, tensile strength and fatigue strength of the alloy. Therefore, as for implant devices, the application of this kind of alloy was restricted. According to various metallurgical studies, phase transformations took place during aging treatment on TiNb alloys, such as the reverse transformation of ¡AA to the ¢ phase and ½ phase precipitation. 8) However, the ½ phase may jeopardize the mechanical properties, since it may lead to excessive embrittlement, loss of ductility and fatigue resistance. 9) On the other hand, the ½ phase and ¡ phase appearing during heat treatment contribute to a good performance in both hardness and strength. 10, 11) Several investigators have reported the effects of the solid-solution treatment temperature and cooling method on the biomedical TiNbTaZr alloys. Shujun Li et al. 12) have found that under the isothermal aging condition, the ½ and ¡ phase precipitate from the ¢ phase in the Ti29Nb13Ta4.6Zr alloy. Moreover, the ¡ phase could not be able to precipitate during short time aging treatment in the Ti39Nb13Ta4.6Zr alloy containing high amount of Nb content. C. R. M. Afonso et al. 13) have reported that in the Ti20Nb alloy, as the cooling rate imposed increases, the volume of ¡ acicular phase goes up and its particle size drops together with diminishing of ¡ grain boundary along the previous ¢ grain boundaries. However, few researchers have reported on the effects of different aging conditions, especially aging time on the ½ phase and ¡ phase transformation. Thus, our investigations about the aging treatment on the Ti27Nb 2Ta3Zr (mass%) alloy might play an important role in making balances between the high strength and low elastic modulus of the TiNb alloys, which makes it a great promising candidate for biomedical applications.
In our research group, the effect of phase transformation on microstructure and superelastic behavior of cold-rolled Ti 35Nb2Ta3Zr (mass%) alloy followed by heat treatment has been studied. 14, 15) In addition, according to our previous work, the Ti27Nb2Ta3Zr (mass%) alloy had higher yield strength than what the Ti35Nb2Ta3Zr (mass%) did, which made martensite phase transformation occur easily during the solution treatment. 16) In this paper, the Nb content is set to be 27%, since the ¢ phase of titanium alloy is stable at this point and the Young's modulus is also not very high. We are going to report the effect of heat treatment on the microstructure and mechanical properties of biomedical ¢-type titanium alloy with lower Nb content, namely Ti27Nb 2Ta3Zr (mass%) alloy. The aging time ranged from 1.8 to 36 ks and the temperature ranged from 623 to 773 K.
Experimental Procedures
The Ti27Nb2Ta3Zr alloy, designed by our research group, was prepared from high-purity titanium, niobium, zirconium and tantalum by non-consumable arc melting. The ingot was melted five times in order to ensure chemical homogeneity. Samples were subjected to hot forging, followed by solution treatment at 1053 K for 0.9 ks. The samples in this group were aged at different temperatures ranging from 623 to 773 K. Also the aging time varied from 1.8 to 36 ks. The samples for tensile tests were hot rolled with a thickness reduction of 50% under various temperatures from 1183 to 1203 K.
The Optical microscope (OM) was used to characterize the microstructure. The samples were prepared by using conventional technique of grinding and mechanical polishing, followed by etching with 8 ml HF, 15 ml HNO 3 and 77 ml H 2 O. X-ray diffraction (XRD) measurements were carried out under the conditions of Cu K¡, 35 kV and 200 mA at room temperature. The transmission electron microscopy (TEM) images were obtained from a JEM-2000EX operated at 160 kV. Samples for TEM were prepared by mechanical grinding to 30 µm in thickness and followed by electron polishing. The scanning electron microscopy (SEM) was used to examine the microstructure of the samples, which was operated at 15 kV. Specimens for SEM tests were conventional ground and mechanical polished. Tensile tests were carried out at a strain rate of 1.5 © 10 ¹4 s ¹1 at room temperature. Figure 1 shows the optical microstructures of Ti27Nb 2Ta3Zr alloy after being water quenched from 1053 K. It can be seen apparently that ¡AA martensite is visible within ¢ grains. Figures 24 shows the optical microstructure of samples after aging treatment under different conditions. As shown in Fig. 2 , when aged at the temperature of 573 K, the ¡AA martensite disappears totally and the microstructure is seemingly homogeneous. On the other hand, no ½ phase appeared in the optical microscope images. No visible new precipitation appears as the aging time goes on. Little difference can be observed in Figs. 2(a), 2(b) and 2(c). After being aged at 673 K, very fine, clear and parallel acicular ¡ phase appears near the prior ¢ grain boundary, as shown in Fig. 3 . The microstructure of ¡ phase is just as the same as we have reported in our former research. 14) However, the ¡ phase precipitation becomes vague with the prolonging of aging time and the mount of precipitation of ¡ phase reduces sharply when the aging time arrives at 36 ks as shown in Fig. 3(c) , indicating that the extended aging time could hazard the mount of ¡ phase. It may be explained that formation of isothermal ½, namely ½ iso , requires a suitable temperature and sufficient aging time. When samples are subjected to aging at 673 K for 36 ks, much amount of ½ iso phase precipitates in the ¢ matrix, which could suppress the transformation of ¢ to ¡ phase. Further investigations are needed to elucidate the mechanism. After being aged at 773 K, as shown in Fig. 4 , a large amount of ¡ phase precipitates when the aging time is 1.8 ks and the ¡ phase grows rapidly around at the previous ¢ grain boundaries even within ¢ grains when the aging time amount to 7.2 ks. It can be seen that as the aging time increases, the acicular ¡ phase may clusters and aggregates. Finally, ¡ colonies precipitate along ¢ grain boundaries. As indicated in Fig. 4(c) , the ¡ phase still exists in the specimen aged for 36 ks. The results visually indicate that higher aging temperature is beneficial to a greater amount of ¡ phase transformation. The SEM micrographs in Fig. 5 further demonstrate the phenomenon as shown in Fig. 3 . The fine and distinguishable acicular ¡ phase, parallel or in right angle with each other, shows up within the ¢ grains when the specimen is aged at 673 K for 1.8 and 7.2 ks, respectively. However, the ¡ phase disappears when the aging time increases to 36 ks as shown in Fig. 5(c) .
Results and Discussions

Microstructure 3.1.1 Optical microstructures
X-ray diffraction
A series of phase transformation took place under different aging conditions. The XRD patterns of Ti27Nb2Ta3Zr alloys subjected to different aging temperature and aging time are illustrated in Fig. 6 . When aged at the temperature of 773 K for 1.8 ks, the microstructure of the specimen contains mostly of ¢ phase and a little bit ½ phase, as shown in Fig. 6(a) . As the aging temperature increasing, the ½ phase diminished gradually and the amount of ¡ phase reached the detectable threshold at 773 K. The influence of aging time on the microstructure of samples aged at 673 and 773 K can be studied, as shown in Figs. 6(b) and 6(c), respectively. When aged at 673 K, the intensity of ½ phase varies with the increase of aging time, which indicates that ½ phase exists and the amount of the ½ phase might change with the increase of aging time. Besides, the ¡ phase is still not detectable after 36 ks' aging treatment. However, in the sample aged at 773 K, ¡ phase appears at the first 1.8 ks and the volume fraction of ¡ phase magnifies as aging time increases. Open triangles and squares represent the spots from ½01 11 ½ zone axis. Diffraction analysis reveals that the ellipsoidshaped ½ phase and the ¢ matrix have the following orientation relationships: ½01 11 ½ jj½113 ¢ , ð10 10Þ ½ jjð12 1Þ ¢ and ð0 111Þ ½ jjð1 10Þ ¢ , which is similar to the previous reported orientation relationship between particle-like ½-Ti phase and ¢-Ti matrix. 17) It is believed that the formation of isothermal ½ (½ iso ), which precipitates during aging, involves diffusion. Since sufficient time and temperature are required for solute redistribution in the matrix, ½ iso is usually verified to have recognizable morphology, globosity-shaped or ellipsoidshaped, with clear evidence of its formation in electron diffraction patterns. 18) Although the ellipsoidal ½ is in nanoscale, they are more than 10 nm in diameter, larger than most cases. Therefore, it is reasonable to assume that the embrittlement of the samples in the following tensile test attributes to the comparatively large size of ½ phase. On the other hand, it has also been reported that athermal ½ (½ ath ) formed during water or oil quenching is extremely shown as small particle, which has little effect on ductility of the specimen. The transformation mechanism from ¢ to ½ ath can be explained by the local lattice instability of the ¢-bcc Ti phase. Therefore, the normal orientation relationships between ½ and ¢ can be concluded as ½0001 ½ jj½111 ¢ and ½11 20 ½ jj½110 ¢ . Upon aging treatment, such orientation relationship also appears, just as what is indicated in Fig. 8 .
Transmission electron microscopy
In the dark-field TEM image (Fig. 8(b) ), the lenticular ½ phase appears in the ¢ parent phase. The Figs. 8(c) and 8(d) show that the corresponding diffraction pattern and the position of the reflections detected are in consistent. In accordance with what has been reported, the addition of Nb, Ta and Zr tends to stabilize the ¢ phase. Moreover, the microstructure with both ¢ + ½ ath is observed in following air cooling, and also there is possibility that this residue structure remained after aging process. In addition, in both Figs. 7(d) and 8(d), two different ½ variants are detected. To further investigate the microstructure of the needle-like structure in the metallography of samples aged at 673 K for 7.2 ks, TEM observations are closely studied as what is showed in Figs. 9(a) and 9(b) . Figure 9 (a) shows a bright field micrograph of a needle-like structure, which is more than 10 µm in length. It is also observed that this kind of structure stops growing at the grain boundaries. In Fig. 9(b) , the needle-like structure pierces through the grain boundary. The corresponding SAED pattern is shown in Fig. 9 (c) and key diagram Fig. 9(d) , in which the open squares indicate the [0001] ¡ zone axis of the matrix phase, while the circles and the diamonds represent the ½ 113 ¢1 and [011] ¢2 respectively. According to this result, the needle-like structure is identified as ¡ phase. Its orientation relationship with ¢ phase agrees with the famous Burger phase relationship:
20Þ ¡ . Moreover, the ½ phase still exist in the specimen treated by the aging treatment at 673 K, as presented in Fig. 9(d) , which provides evidence for the formation mechanism of ¡ phase. 19, 20) In this low misfit system where ½ iso forms as ellipsoidal precipitation (Figs. 7 and 8), this ½ phase has been widely reported to provide a heterogeneous nucleation site for the ¡ phase transformation.
2124) The coexistence of the SEAD patterns of ¡ phase and weak patterns of ½ phase in Fig. 9 indicate that ¡ phase nucleation is not independent, but relies mostly on the collapsed boundary of ½ phase. This is also proved in the XRD results (Fig. 6(c) ), the amount of ¡ phase increase at 773 K, while the amount of ½ phase decreased. Figure 10 shows the changes in Young's modulus and ultimate strength of Ti27Nb2Ta3Zr alloy during aging treatment from 573 to 773 K for 1.8 ks. It is obvious that UTS increases significantly with the increase of aging temperature. And on the contrary, the elastic modulus drops remarkably at the same time. It can be concluded that this trend comes from the different microstructure which can be shown as the disappearance of ½ phase and the appearance of ¡ phase. Elastic properties of the alloys are investigated due to the alterations of the microstructures. Young's modulus is well known as one of the intrinsic natures of materials. For multiphase alloy, it is mainly determined by the modulus of the alloy's constituent phase and the volume fractions. As ¢ phase has the lowest elastic modulus among all the phases in titanium alloys, the presence of the other phases result in a higher elastic modulus. Especially, the brittle ½ phase has been reported to have the highest elastic modulus among all titanium alloys, which would contribute largely to high Young's modulus. Therefore, the tensile test results could be well-explained as the evidence of a decrease of ½ phase.
Mechanical properties
It has been reported that fine globosity-shaped ½ phase, accompanying with needle-like ¡ phase contributes much to the strength of the alloy, and the precipitation of parallel ¡ phase may be beneficial for ductility. The martensitic structure in titanium alloys can decompose during aging heat treatment, and results mainly in the precipitation of ¡ and ¢ phases. Eventually, as a hardened microstructure, the isothermal ½ phase forms. Also, it is worthy to note that precipitation of well dispersed ¡ phase may lead to enhancement in strength with no significant decrease in ductility. 21, 25) Therefore, the control of the shape and size of ½ and ¡ phase may counteract the decrease in ductility resulting from ½ phase precipitation. During the tensile test process, each elongation rate of all the samples are less than 3% and no yielding step is observed before fracture. Figure 11 shows the SEM micrographs of the fracture surface of tensile specimens aged at different time. As shown in Fig. 11 , shallow dimples appear in the fracture surfaces of all the samples, which indicate the low ductile characteristic of the alloy. In Fig. 11(a) , crystal defects leave a long dent, from where dimple area stops to where river-like patterns begin to extend (?). Also, some intergranular fracture evidence can be identified in Fig. 11(a) . Although brittle failure occurs in the samples aged for 1.8 ks under the temperature of 573, 673 and 773 K, the elongation rate increases from 0.8 to 2.7% with the increasing of aging temperature, which agrees with the trends of the amount of ½ phase transformation.
Conclusions
The ellipsoidal ½ phase in Ti27Nb3Ta2Zr alloy appears after the aging process at the temperature from 623 to 773 K. The isothermal ½ phase has featured orientation relationship with ¢ matrix. With the increase of temperature, the ½ phase tends to vanish and needle-shaped ¡ phase appears at 673 K, which indicates that the ¡ phase nucleates along the boundary of ½ phase. Besides, the Aging time plays an impact on the ½ and ¡ phase transformation when the aging temperature is below 673 K, while the different trend occurs within various aging time at 773 K. When the aging temperature was higher than 673 K, the amount of ellipsoid-shaped ½ phase precipitation decreased and needle-like ¡ phase appeared, which contributed to higher tensile strength, lower Young's modulus and better plasticity. Therefore, by raising the aging temperature in a certain extent and prolonging aging time, the shape and size of precipitates could be controlled, and the specimen with higher strength and lower elastic modulus can be achieved.
